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Abstract 
The effects of strain-induced martensitic transformation on the fatigue behavior of type 304 stainless steel were studied. 
Rotating bending fatigue tests have been conducted in laboratory air and in 3%NaCl solution using specimens subjected to 
tensile-prestrains at ambient temperature and -25qC. Martensitic transformation developed more extensively at -25qC than at 
ambient temperature. In laboratory air, the fatigue strengths of the prestrained specimens increased with increasing prestrain and 
the specimens subjected to the same prestrains at each temperature exhibited similar fatigue strength in spite of the different 
amount of martensitic phase. This suggests that the increase in fatigue strength of the prestrained specimens is primarily 
attributed to work hardening. In 3%NaCl solution, the fatigue strengths of the prestrained specimens at -25qC decreased 
significantly compared to those in laboratory air. EBSD analysis revealed that the strain-induced martensitic transformation took 
place within slip bands but the crack initiated in austenitic phase in laboratory air. On the other hand, in 3%NaCl solution, 
corrosion pits generated at slip bands, from which crack initiation took place. Based on these results, it was confirmed that the 
strain-induced martensitic transformation exerted a large influence on the fatigue behavior in 3%NaCl solution. 
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1. Introduction 
Since austenitic phase in type 304 stainless steel obtained by solution treatment is metastable due to less Cr-Ni 
content [1], it is known to develop the strain-induced martensitic transformation caused by lower stability of 
austenitic phase, when it is subjected to plastic deformation [2]. So far authors have studied about the influence of 
prestrain on the fatigue behavior in austenitic stainless steels, type 304, 304N2 and 316 [3-5], on the supposition that 
the austenitic stainless steels used in various machine/structures are usually subjected to some plastic deformation 
during the manufacturing process. If such machine/structures are used in service, it seems that their strengths may be 
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influenced by the extent of the strain-induced martensitic transformation. In addition, type 304 steel also exhibits 
remarkable work-hardening, therefore prestrained type 304 steel would be expected to behave in different manner 
from the unprestrained one under fatigue loading. Since not only strain-induced martensitic transformation but also 
work hardening are seen in the fatigue behaviour of prestrained type 304 steel [3], it is very difficult to separate the 
effect of strain-induced martensitic transformation from the factors which exert an influence on the fatigue behavior. 
Moreover, in 3%NaCl solution, the fatigue strength at 107 cycles of the unprestrained one increased in comparison 
with that in laboratory air due to the cooling effect of the solution, but in prestrained type 304 steel significantly 
decreased [3]. Although the effect of the strain-induced martensitic transformation is expected as a cause of this 
behavior, the details are unclear because the identification of the phase transformation in locarized area is difficult.  
It is known that the martensitic transformation developes more extensively at low temperatures in connection 
with the MS point. In the present study, fatigue tests have been conducted using specimens subjected to same tensile
prestrains at room temperature and -25qC. In addition, EBSD (Electron Back Scatter Diffraction) method was used 
to identify the martensitic transformation in slip bands. So the purpose of the present study is to clarify the effect of 
strain-induced martensitic transformation on fatigue behavior in type 304 steel through the EBSD analysis. 
 
2. Experimental Procedures 
2.1. Material and Specimen 
The material used was a type 304 austenitic stainless steel, whose chemical composition of the material (wt %) is 
given in Table 1. The material was solution-treated at 1080qC for 60min. The mechanical properties after solution 
treatment are listed in Table 2. After solution treatment, two kinds of tensile prestrains, 15% and 20%, were applied 
to the material at room temperature (R.T.) and -25qC. Hourglass-shape fatigue specimens with a minimum diameter 
of 5mm were machined as shown in Fig.1. The specimen surface was mechanically polished by emery paper and 
then buff-finished before experiment. Hereafter, the materials subjected to prestrain are designated as the prestrained 
specimens, e.g. the 15% prestrained specimen for 15% prestrain, and the material not subjected to prestrain is 
referred to as the unprestrained specimen. The microstructures of the unprestrained and the 15% prestrained 
specimens are shown in Fig.2 (a)-(c). Slip bands are extensively recognized in the grains of the prestrained 
specimens, and are more remarkable in the prestrained specimen at -25qC.  
2.2. Procedure 
 
Fatigue tests were performed using cantilever-type rotating bending fatigue testing machine operating at a 
 Table 1. Chemical composition (wt.%) 
(b)
(a) 
(c)
 
C Si Mn P S Ni Cr
0.07 0.49 1.76 0.29 0.24 8.62 18.86
 
 
 Table 2. Mechanical properties 
 
 
 
 
 
0.2% proof Tensile Breaking strength Reducation 
stress strength on final area of area
V MPa) V %MPa) V t  MPa) G (%) M (%)
242 612 2690 56 77
Elongation
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Fig.2  Microstructures of unprestrained and prestrained 
materials: (a) unprestrain; (b) 15% prestrain at R.T.; 
(c) 15% prestrain at -25qC  Fig.1  Specimen configuration 
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frequency of 53Hz in laboratory air and in 3%NaCl solution whose temperature was 30°C. Crack initiation and 
growth were monitored by replicating technique in laboratory air. EBSD (Electron Back Scatter Diffraction) method 
was used to identify the martensitic transformation in slip bands and at small crack. After experiment, specimen 
surfaces were examined in detail using a scanning electron microscope (SEM). In addition, martensitic 
transformation was detected by X-ray diffraction (XRD) method with the target of Cr-KĮ. Measured diffraction 
planes of austenitic phase (Ȗ) and martensitic phase (Į) were Ȗ (220) and Į (211), respectively. 
 
3. Experimental Results 
 
3.1. Volume Fraction of Martensitic phase in prestrained specimen    
 
The relationships between volume fraction of martensitic phase measured by XRD and prestrain are shown in 
Fig.3. In the specimens prestrained at room temperature (R.T.) and -25°C, the volume fraction of martensitic phase 
increases with increasing prestrain. But, at the same prestrain, the quantities of martensitic transformation at R.T. are 
less than those in the specimen prestrained at -25°C, that is, the martensitic transformation occurs more remarkably 
at low temperatures in connection with the MS point. The quantities of martensitic phase at R.T. are 1.3% and 2.2% 
in 15% and 20% prestrained specimen, respectively, while are 12% and 42% in the specimens prestrained at -25°C. 
3.2. Hardness Measurement 
Vickers hardness of the prestrained specimens was measured. The results obtained are shown in Fig.4 as a 
function of prestrain. It can be seen that the hardness increases with increasing prestrain. The hardness values and 
the scatter range of the specimens prestrained at -25°C are more remarkable than those at R.T.. The average 
hardness values in the specimen prestrained at R.T. are HV158 (unprestrain), HV240 (15% preatrain) and  HV267 
(20% prestrain), while are HV260 (15% preatrain) and  HV348 (20% prestrain) at -25°C.  
 
3.3. Fatigue Strength 
 
The S-N curves of unprestrained and prestrained specimens are shown in Fig.5. As can be seen in the figure, 
fatigue strengths in laboratory air increase with increasing prestrain. The fatigue limits of the unprestrained, 15% 
and 20% prestrained specimens at R.T. are 230MPa, 370MPa and 400MPa, respectively, while are 380MPa and 
400MPa at -25°C, respectively. Moreover non-propagating cracks are not detected in run-out specimens at 107 
cycles. Based on the results, the fatigue strengths in laboratory air are not influenced by the quantities of martensitic 
phase. On the other hand, the fatigue strengths of 20% prestrained specimens in 3%NaCl solution significantly 
reduced compared with those in laboratory air, depending on the quantities of martensitic phase. This behavior is 
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 Fig.3  Volume fraction of martensitic phase as a function of prestrain Fig.4 Relationship between Vickers hardness and prestrain  
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remarkable in the specimens prestrained at -25°C. In addition, corrosion pit was observed at the crack initiation site 
only in the specimens prestrained at -25°C.   
 
3.4. Crack Initiation and Growth Behavior 
 
Fatigue tests were conducted at the stress levels where the fatigue lives were about 105 cycles, and the crack 
initiation and growth were observed using replicating method. The cyclic ratios, N/Nf, of crack initiation in 
unprestrained and prestrained specimens ranged between 0.52 and 0.64, suggesting that the work hardening and the 
quantity of martensitic transformation exert a less influence on crack initiation.  
The relationships between crack growth rate, da/dN, and maximum stress intensity factor, Kmax, are shown in 
Fig.6. Two particular points are identified: one is the faster crack growth rates in the unprestrained specimen than 
the prestrained ones and the other is the crack growth rates of prestrained specimens, where the da/dN-Kmax 
relationships of prestrained specimens are almost similar irrespective of the quantity of martensitic transformation. 
The former is due to the higher stress level applied in the test, 290MPa, than 0.2% proof stress (see Table 2), 
indicating the breakdown of the small scale yielding. On the other hand, in the prestrained specimens, the small 
scale yielding seems to be satisfied by the work hardening. The latter suggests that the work hardening and the 
quantity of martensitic transformation hardly influence on the crack growth behavior.  
 
4. Discussions 
4.1. Formation of Strain-induced Martensitic Phase 
As seen in Fig.4, the hardness of prestrained specimens increases with increasing prestrain, and the hardness 
values of specimens prestrained at -25°C are more remarkable than those at R.T.. Since the martensitic 
transformation hardly occurred at R.T. (see Fig.3), the increase in hardness is due to work hardening. On the other 
hand, it is considered that the martensitic transformation contributes to the increase in hardness at -25°C. So the 
hardness values at the site without slip band and at the slip band were measured. The Vickers indentations in 15% 
prestrained specimens at R.T. and at -25°C are shown in Fig.7 (a) and (b), respectively. Vickers hardness values at 
the site without slip band and at the slip band are HV237 and HV325, respectively. However, this value, HV325, 
seems to be slightly low, as compared with the hardness of martensitic phase. Then EBSD analysis was performed 
to clarify an aspect of the martensitic transformation in slip band. Figure 8 (a) and (b) show the slip band in 20% 
prestrained specimen at -25°C and the phase distribution at the same slip band, respectively. As seen in Fig.8 (b), the
martensitic transformation takes place at the micro space in slip band. Therefore it is considered that the mixed 
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 Fig.6 Relationship between crack growth rate and maximum 
stress intensity factor  
Fig.5 S-N diagram in laboratory air and in 3%NaCl solution 
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structure of austenitic phase (Ȗ) and martensitic phase (Į) is formed in the slip band. The hardness at slip band  
(Fig.7(b)) reflects the mixed structure of both phases.  
4.2. Fatigue Strength and Martensitic Phase 
In order to clarify the relation between fatigue crack initiation and martensitic phase, the phase distribution 
around small fatigue crack in 20% prestrained specimen at -25°C was examined by EBSD analysis. Figure 9 (a), (b) 
and (c) show the crack shape, grain orientation, and phase distribution. Arrow in the figure indicates the crack 
initiation site. As seen in Fig.9 (b), the crack initiated in austenitic grain, approached to grain boundary and grew 
beyond the boundary. An obvious martensitic phase is not found at crack initiation site, as shown in Fig.9 (c).  This 
means that the crack initiation takes place within the softer austenitic phase even if the strain-induced martensitic 
transformation is generated by prestraining. Therefore the initial quantity of strain-induced martensitic phase does 
not influence on the fatigue strength (see Fig.5).    
It is known that there exists the relationship between the fatigue limit, ıw, and Vickers hardness, HV, resulting in 
the equation, ıw = 1.6 HV [6]. Figure 10 indicates the relationship between HV and ıw, where the scatter band is 
shown by dotted line. The results except 20% prestrained specimen at -25°C are within the scatter band, but the 
fatigue limit of 20% prestrained specimen at -25°C is out of the scatter band. This suggests that the quantity of 
martensitic phase increases the hardness but hardly influence on the rise in fatigue limit. 
 
4.3. Corrosion Pit and  Martensitic Phase 
 
As it can be seen in Fig.5, the fatigue strength of 20% prestrained specimens in 3%NaCl solution significantly 
 
Loading direction D-phase 
Ȗ-phase 
(c) (b) (a)
 
 
 
 
 
 
 
 
 
 
(b)(a) 
Fig.7 Vickers indentations in 15% prestrained  specimens:  
(a) R.T.; (b) -25qC 
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 Fig.9 EBSD analysis of small crack in 20% prestrained specimen at 
-25°C: (a) crack shape; (b) grain orientation; (c) phase 
distribution. Arrow indicates the crack initiation site. 
Fig.8 EBSD analysis of slip band in 20% prestrained specimen 
 at -25°C: (a) slip band; (b) phase distribution 
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 Fig.11 Corrosion pit generated at slip band in 20% prestrained 
specimen at -25°C  
 
 
 Fig.10 Relationship between fatigue limit and Vickers hardness 
 
 
reduced, depending on the quantity of martensitic phase. In addition, corrosion pit was observed at the crack 
initiation site in the specimens prestrained at -25°C. Figure 11 shows the corrosion pit generated at slip band in  20% 
prestrained specimen at -25°C. When fatigue loading applies the slip band developed by prestraining, protective 
films on the surface is destroyed by the activated slip, resulting in the formation of corrosion pit. Moreover, 
martensitic phase is inferior to austenitic phase in corrosion property [7]. This means that the remarkable anodic 
dissolution takes place in the 20% prestrained specimens at -25°C that contain a significant amount of martensitic 
phase. Therefore, the corrosion fatigue behavior of type 304 is strongly influenced by the martensitic transformation.  
 
5. Conclusions 
 
In the present study, the influence of strain-induced martensitic transformation on the fatigue behaviour of 
metastable austenitic stainless steel, type 304, was investigated. The results obtained are as follows:  
(1) Fatigue strengths in laboratory air increased with increasing prestrain. Under the same amount of prestrain, 
fatigue strengths were similar, irrespective of the quantity of strain-induced martensitic phase. Therefore the 
initial quantity of strain-induced martensitic phase does not exert an influence on the fatigue strength. On the 
other hand, in 3%NaCl solution, fatigue strength in 20% prestrained specimens at -25°C that contain a 
significant amount of martensitic phase reduced remarkably. 
(2) The relationships between crack growth rate, da/dN, and maximum stress intensity factor, Kmax, of prestrained 
specimens were almost similar irrespective of the quantity of martensitic transformation. This suggests that the 
work hardening and the quantity of martensitic transformation hardly influence on the crack growth behavior.  
(3) Based on the EBSD analysis, it was confirmed that the strain-induced martensitic transformation took place in 
the slip bands and fatigue crack initiated within the austenitic phase.  
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